Ocean warming and ocean acidification, both consequences of anthropogenic production of CO 2 , will combine to influence the physiological performance of many species in the marine environment. In this study, we used an integrative approach to forecast the impact of future ocean conditions on larval purple sea urchins (Strongylocentrotus purpuratus) from the northeast Pacific Ocean. In laboratory experiments that simulated ocean warming and ocean acidification, we examined larval development, skeletal growth, metabolism and patterns of gene expression using an orthogonal comparison of two temperature (138C and 188C) and pCO 2 (400 and 1100 matm) conditions. Simultaneous exposure to increased temperature and pCO 2 significantly reduced larval metabolism and triggered a widespread downregulation of histone encoding genes. pCO 2 but not temperature impaired skeletal growth and reduced the expression of a major spicule matrix protein, suggesting that skeletal growth will not be further inhibited by ocean warming. Importantly, shifts in skeletal growth were not associated with developmental delay. Collectively, our results indicate that global change variables will have additive effects that exceed thresholds for optimized physiological performance in this keystone marine species.
Introduction
Two pervasive consequences of increasing anthropogenic CO 2 are ocean warming and ocean acidification, both of which manifest at a global scale and have important consequences for the structure and function of marine ecosystems [1] [2] [3] . To better predict how global change will affect marine communities, it is critical that we understand the interactive effects of multiple global change variables on physiological function [4] [5] [6] . However, the combined influence of multiple ocean change factors on performance is complex and poorly understood [6, 7] . For example, physiological responses could be primarily driven by a single factor or by multiple factors interacting in an additive, synergistic or antagonistic manner [7, 8] . Additionally, multiple stressors may differentially affect specific life cycle stages, with important implications for development, dispersal, physiological tolerance and biogeography [3, 4, 7, 9] .
In this study, we used an integrative approach to understand how the larval stage of a keystone species, the purple sea urchin Strongylocentrotus purpuratus [10] , responds to simulated future ocean warming and ocean acidification. Strongylocentrotus purpuratus has a broad biogeographic distribution [11] and is an ecologically and economically important species within the California Current Large Marine Ecosystem (CCLME) [10] . The CCLME is one of the most valuable and productive ecosystems in the world [12] and is already affected by global change [13] [14] [15] . Temperature regimes in the CCLME reflect average warming trends in the global ocean and even warming that has occurred in the twentieth century has significantly influenced the structure of marine communities in this region & 2013 The Author(s) Published by the Royal Society. All rights reserved. [13] . Furthermore, the CCLME already experiences considerable declines in pH as a result of upwelling, and ocean acidification is expected to progress rapidly [14, 15] , with rates of change similar to those projected for the Southern Ocean and Arctic.
Larvae of many important marine organisms within the CCLME already develop in the water column under fluctuating temperature and pCO 2 regimes; however, it is not known whether many species will be able to tolerate future conditions, as the cumulative effects of continued warming and acidification drive organisms closer to the limits of their physiological tolerances [4, 5, 8, 16] . For example, exposure to acidified sea water may act to lower the ceiling of organismal tolerance of high temperatures through changes in metabolism [4, 17, 18] , whereas warmer temperatures may alter the permeability of cell membranes [19] and reduce the ability of organisms to regulate intracellular pH [20] . To explore the potential response of larval purple sea urchins to these co-occurring factors, we cultured larvae under conditions that mimicked future ocean change in the CCLME and assessed organismal performance across multiple levels of biological organization. By exposing early life-stages to different combinations of temperature (138C and 188C) and pCO 2 (400 matm or 1100 matm), we sought to address the following questions: (i) Do temperature and pCO 2 interact to influence larval skeletal growth and development? (ii) Are there metabolic costs to tolerating high temperature/low pH conditions? and (iii) What are the cellular/molecular mechanisms that underlie physiological responses to coincident global change variables? As the first study to integrate morphological, physiological, developmental and transcriptomic data, our work provides unique insights into the effects of multiple global change stressors on marine organisms.
Material and methods (a) Animal collection and fertilization protocol
Adult S. purpuratus were collected by SCUBA at a depth of 5 m near Goleta Pier in the Santa Barbara Channel, California, USA (348 24.842 N, 1198 59.058 W) in December 2011 and maintained in a flowing sea water system at the University of California Santa Barbara at approximately 158C. Spawning was induced by intracoelomic injection of 0.5 M KCl, and eggs were collected in 0.35 mm filtered, UV-sterilized sea water (FSW) at approximately 14 8C and 400 matm pCO 2 . Sperm was collected dry and kept on ice until fertilization. Single dam-sire crosses were used (the sperm from one male was used to fertilize the eggs of a single female) in order to include multiple parental lineages and make population-level generalizations more reliable. Fertilizations were performed using water from the low pCO 2 treatment (400 matm) in order to eliminate confounding effects of high pCO 2 on sperm mobility [21] . After fertilization, embryos for each family were distributed among culture vessels for each pCO 2 /temperature treatment at a concentration of approximately 10 embryos ml 21 . Although we included multiple parental lineages in the study, for statistical purposes we were not able to distinguish between family and culture vessel effects since we did not have replication for each family and pCO 2 /temperature treatment combination.
(b) Larval experimental culture conditions and sea water chemistry
Embryos were cultured using a flow-through CO 2 mixing system as described in Fangue et al. [22] . The system was modified by pumping the appropriate CO 2 -gas mix for the treatment into the headspace of the culture vessels [23] . pCO 2 exposure levels (400 and 1100 matm) were based upon current conditions and predictions for the CCLME, where anthropogenic inputs of CO 2 are expected to drive surface pH down to 7.6 during upwelling in only a few decades [14] . Temperature was manipulated by holding culture vessels in sea water tables at 138C or 188C (+0.6) using a Delta Star heat pump (AquaLogic) and a digital temperature controller (Nema 4x, AquaLogic). Temperature levels were chosen based on present-day thermal profiles (138C, JanuaryApril, Santa Barbara, CA, USA) and IPCC projections for sea surface temperature in southern California during spawning season (188C, [24] ). Temperature, salinity and pH were measured daily for each culture according to best practice procedures outlined by Dickson et al. [25] and described in detail by Fangue et al. [22] . Temperature was measured using a wire-thermocouple (Themolyne PM 207000/Series 1218), and salinity was measured using a conductivity meter (YSI 3100). pH was determined following the standard operating procedure (SOP) 6b [25] using a spectrophotometer (Bio Spec-1601, Shimadzu) and dye m-cresol purple (Sigma-Aldrich) as the indicator. Total alkalinity (TA) was measured every day in two of the reservoir buckets, except for the first experimental run in which TA was only measured at the end of the experiment. TA was estimated using the SOP 3b [25] . Both pH and alkalinity were assessed for accuracy using certified reference materials (CRMs) ) were used as CRM for pH and alkalinity, respectively. pCO 2 , V ara and V cal were estimated using CO 2 calc [26] with the carbonic acid dissociation constants of Mehrbach et al. [27] . Temperature, salinity and carbonate parameters of sea water used in experimental treatments are shown in the electronic supplementary material, table S1.
(c) Larval collection
Temperature has a direct effect on developmental rate, with marine invertebrate embryos developing faster at high temperatures [28] . As a result, in our experiments, larvae cultured under 188C are at different developmental stages than those cultured at 138C, despite being the same age. As it is only possible to control for one of these variables, we chose to exclusively compare larvae at the same developmental stage rather than age (for details, see the electronic supplementary material, figure S1 ).
(d) Developmental progression
Development was tracked by recording the proportion of embryos to reach gastrula and early pluteus stages under each experimental condition (n ¼ 4, for each experimental condition). Cultures were monitored by removing 50 larvae every 2 h and scoring each larva as complete or incomplete for having reached either gastrula or early pluteus. The experiment was terminated when all 50 of the sampled larvae were scored as complete. We considered embryos as gastrulae when the tip of the archenteron made contact with the overlying ectoderm near the animal pole and early plutei when the surface between the dorsal arms became concave and the apical tip of the larva became pointed ( figure 1) . Differences in development were tested using a logistic regression where stage (complete versus incomplete) was the dependent variable, pCO 2 level (high versus low) and temperature (high versus low) were treated as fixed effects and time since fertilization was treated as a random effect. Statistical tests were performed in R [29] .
(e) Body size Pluteus stage larvae were collected at 94 h and 116 h after fertilization, for high and low temperatures, respectively (n ¼ 8, for rspb.royalsocietypublishing.org Proc R Soc B 280: 20130155 each experimental condition), and immediately fixed in 2 per cent formalin saturated with sodium borate to prevent acidity and dissolution of the skeleton. Photographs for morphometric analyses were taken within two weeks of fixation, under 10Â compound magnification (Olympus, BX50, Lumenera, Infinity Lite) with larvae orientated dorsal side down. Overall skeletal length (n ¼ 20/culture vessel) was estimated by measuring the distance from the spicule tip of the left postoral arm to the spicule tip of the aboral end. Additional body size measurements (arm length, body length at midline and stomach) were performed in a subset of samples to confirm the patterns observed in the overall skeletal length measurements (see the electronic supplementary material, figure S2 ). Differences in body size measurements between treatments were tested using a two-way ANOVA with temperature and pCO 2 as fixed factors.
(f ) Respirometry
Rates of oxygen consumption were obtained in early pluteus larvae (n ¼ 6, 70 h and 92 h after fertilization for high and low temperatures, respectively) according to [30] with modifications. In brief, different densities of larvae (50-600 individuals) were placed in each respiratory chamber (684-795 ml vials) and incubated for 4 -7 h in order to generate a standard curve from which we could estimate the rate of oxygen consumption per individual (expressed as pmol O 2 /hr/larva) under each experimental condition. Two control vials containing only FSW were incubated simultaneously to account for background respiration. Following incubation, larvae were removed, water was transferred to an optode cell using a gastight syringe (Hamilton Company, USA) and O 2 measured using a fibre-optic oxygen meter (PreSens, Microx TX3, Germany). The oxygen metre was calibrated using NaSO 3 solution and FSW (0.01 g per ml). Additional blanks (FSW only) were used to account for systematic time variation of the instrumental zero value (instrumental drift). Differences in respiratory rates among treatments were tested using a twoway ANOVA, with temperature and pCO 2 as fixed factors. Q 10 values for each pCO 2 treatment were estimated using the van't Hoff equation [31] . Linear regression was used to determine the relationship between larval size and respiration. The regression was performed using the average respiration rate and average body size for each family.
(g) Changes in the transcriptome (i) RNA extraction, amplification and labelling A total of 12 samples were used for transcriptional profiling, corresponding to larvae collected from three replicate cultures across each experimental condition. Pluteus stage samples, containing approximately 9000 larvae, were acquired from the same families as used in respiration and morphometrics. Larvae were concentrated into a small volume of sea water using reverse filtration, transferred to 1.5 ml Eppendorf tubes and quickly pelleted by centrifugation. Reverse filtration was performed by drawing sea water through a fine mesh screen (35 mm), such that the volume of sea water was gradually reduced but the embryos rspb.royalsocietypublishing.org Proc R Soc B 280: 20130155 remained in the solution, a process taking approximately 5 min. After centrifugation, excess water was then removed, larvae were flash frozen in liquid nitrogen and 1 ml of TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) was added. Total RNA was extracted using the guanidine isothiocyanate method [32] . Following extraction, RNA was processed to remove tRNA and degraded fragments using a RNeasy Mini Kit according to manufacturer's instructions (Cat. no. 74104, Qiagen, Valencia, CA, USA). RNA yield and purity were assessed by measuring A260 and A260/ A280 ratio, respectively, with a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Two hundred nanograms of clean, total RNA from either experimental or reference samples were amplified and labelled with Cy5 or Cy3, respectively, using Agilent's Low Input Quick Amp Two-Color Labeling Kit (no. 5190-2306, Agilent Technologies Inc., Santa Clara, CA, USA). Each amplification and labelling reaction also contained 'spike-in' RNA (Agilent's Two-Color RNA Spike-In Kit, no. 5188 5279, Agilent Technologies Inc.), which generate expected fluorescent signal intensities used in quality control.
Yield and specific activity of the resulting amplified and labelled RNA was determined using a NanoDrop spectrophotometer (NanoDrop Technologies). In accordance with suggested standards (Agilent Technologies Inc.), only amplified and labelled RNA whose yield and specific activity exceeded 1.875 mg and 6 pmol of fluorescent dye incorporation per microgram RNA, respectively, were used in subsequent hybridizations.
(ii) Gene expression profiling with microarrays
Transcriptional profiling was performed using custom-designed 105 000 feature oligonucleotide microarrays (Agilent Technologies Inc.) with coverage of all 28 036 putative genes in the S. purpuratus genome as described in [33] . Gene expression levels were determined by comparing the amount of RNA transcript in experimental samples relative to a common reference sample, whereby experimental samples were fluorescently tagged with Cy5 (red) dye and the reference with Cy3 (green) dye. Resulting fluorescent images were captured with an Axon GenePix 4000B microarray scanner (Axon Instruments, Sunnyvale, CA, USA). Only features whose locally weighted scatterplot smoothing (LOWESS) normalized signal intensities were 2.6 times background level but below the saturation threshold on all 12 arrays were included in further analyses. Expression was summarized across multiple probes targeting the same putative gene loci by computing the geometric mean.
Resulting signal intensities were then converted to log 2 -ratios of the experimental channel (Cy5) divided by the reference channel (Cy3). Log 2 -ratio expression data for this set of 3627 genes was then used in downstream statistical analyses. Microarray data were submitted to the Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/; GSE39125 and GPL15481). Microarray expression data were analysed using principal component analysis (PCA), singular value decomposition (SVD; [34] ) and gene set enrichment analysis (GSEA). PCA identifies axes of maximal variance and was used to illustrate the relative contribution of experimental conditions (i.e. temperature and pCO 2 ) to the variation in gene expression. We evaluated the results of the PCA using loading plots, whereby the spatial clustering of experimental samples on the plot reflects the degree of similarity between transcriptomes. For the PCA, we used the normalized log 2 -ratio data of all genes passing filtering criteria, averaging their expression across each of the three replicates at each treatment. PCA was computed using the correlation matrix and was conducted in the R statistical programming environment [29] . SVD was used to identify genes responsible for the largest proportion of variation in the gene expression dataset. SVD is a data-reduction technique in which the expression dataset is reduced to a series of 'eigengenes,' each corresponding to a major expression pattern [35] .
Finally, we used GSEA to resolve the biological significance of genes responding to pCO 2 and/or temperature [36] . GSEA is a statistical tool that uses functional information to identify categories of genes (i.e. ontologies) significantly over-or underrepresented within a user-defined list. Significance is determined by the binomial statistic, and we considered ontologies with Benjamini and Hochberg corrected p-values less than 0.05 to be significant.
Results
To gain insight into the effects of future ocean change on S. purpuratus at different levels of biological organization, we designed laboratory experiments that mimicked present temperature and pCO 2 conditions (138C, 400 matm) and future scenarios owing to increased anthropogenic CO 2 (188C, 1100 matm) . Following culturing, we measured four response variables in urchin early life-stages: developmental progression, body size (with size of the calcium carbonate skeleton serving as proxy), respiration rate and alterations in the transcriptome.
(a) Developmental progression
Early development from embryo through pluteus stage progressed normally, and no obvious morphological abnormalities were observed under any of the experimental conditions. As expected, the pace of development increased as a function of
001, gastrula and pluteus, respectively, figure 1a,b). However, pCO 2 did not affect the rate of development at either temperature and embryos reached obvious developmental landmarks synchronously ( figure 2b ). Larvae exposed to 400 matm had higher (35%) respiration rates at 188C than at 138C ( p ¼ 0.0015), whereas larvae exposed to 1100 matm did not have significantly different respiratory rates between temperature treatments ( p ¼ 0.3122), indicating that elevated pCO 2 seems to have counteracted the expected effect of increased temperature on metabolic rate. The decrease in larval metabolic rate at 188C/high pCO 2 was reflected in a lower Q 10 , reduced under high pCO 2 from 2.49 to 1.55. There was no significant interaction between temperature and pCO 2 (F ¼ 3.42, d.f. ¼ 1, p ¼ 0.079) and no correlation between respiration rate and larval body size ( p ¼ 0.705).
(d) Changes in the transcriptome
Genome wide transcriptomics were used to provide mechanistic insight into pathways or processes that might be linked to the observations made on two organismal traits-differences in total larval length and respiration rate between experimental conditions. As an initial broad-scale analysis, we used a principal components loading plot to resolve the relationship between temperature, pCO 2 and gene expression. This plot revealed that the transcriptomes of larvae raised at 138C were most similar, as the high and low pCO 2 treatments at 138C clustered most closely. Transcriptional profiles diverged in larvae raised at 188C as well as between high and low pCO 2 treatments (see the electronic supplementary material, figure S3 ). These expression patterns were corroborated by SVD, which revealed two major patterns of gene expression that collectively accounted for 89 per cent of the total variation in gene expression. The first expression pattern (i.e. eigengene 1, figure 3a) accounted for 64 per cent of the variation and is described by genes whose expression increased in response to elevated temperature and decreased in response to high pCO 2 (figure 3a). One-hundred and eleven genes were positively correlated (greater than 0.8) with this expression pattern (see figure 3b and electronic supplementary material, table S2a). We used GSEA to identify physiological and cellular processes influenced by the differential expression of these genes. Ontologies relating to the cellular cytoskeleton were by far the most numerous and had the lowest p-values, accounting for 22 of the 42 enriched ontologies (52%) and ontologies with the 11 lowest p-values. Genes driving the enrichment of these cytoskeletal ontologies included multiple isoforms of alpha tubulin and beta tubulin, as well as actin. Other cytoskeletal genes differentially expressed included kinesin-like protein KIF3A (P28741), apextrin (A0T3F5), syntenin (O00560) and ankyrin domain repeat containing protein 28 (Q9UPS8) (uniprot identifiers in parenthesis; www.uniprot. org). We also surveyed these same 111 genes correlated with eigengene 1 for genes with established roles in larval skeletogenesis and whose altered expression may be associated with the observed changes in skeletal morphology. Spicule matrix 30 alpha protein (SM30-alpha protein), a major component of urchin larval skeletons [37] , was downregulated in larvae raised in high pCO 2 water at both temperatures.
The pattern responsible for the second largest proportion of variation in expression (i.e. eigengene 2; 25%; figure 3c) described genes decreasing between low and high pCO 2 treatments at 188C. Forty-nine genes were positively correlated (greater than 0.8) with this expression pattern (see figure 3d and electronic supplementary material, table S2a). As previously explained, we used GSEA to identify largerscale physiological and cellular processes influenced by the differential expression of these genes. Ontologies relating to nucleosome and chromatin organization and assembly accounted for 14 of 21 significantly over-represented ontologies (67%) and 27 of 49 differentially expressed genes encode histones, structural components of nucleosomes and major regulators of chromatin structure and transcription initiation, processes that are central to the regulation of the cell cycle. Included were histone 2AE, 2AD, 2BF, 2BC, H2B, H3F, H3D, CS-H3, H3 and H3 family 2 isoform 2. Complete GSEA results are shown in the electronic supplementary material, table S2b. Genes encoding skeletal matrix proteins were not present in the set of genes correlated with eigengene 2.
Discussion
The central goal of this study was to capture the cumulative effects of multiple global change-related stressors on the physiology of calcifying marine larvae. Our integrative approach yielded important findings relevant to the performance of S. purpuratus in future oceans. Firstly, skeletal growth but not developmental rate was influenced by elevated pCO 2. Secondly, simultaneous exposure to both increased pCO 2 and temperature significantly depressed larval metabolism. Thirdly, transcriptional responses suggest that (i) decreases in skeletal length at high pCO 2 may be associated with impaired skeletogenesis, (ii) metabolic depression in response to elevated temperature and pCO 2 were associated with reduced expression of multiple histone encoding genes rspb.royalsocietypublishing.org Proc R Soc B 280: 20130155
potentially reflecting chromatin remodelling owing to changes in the metabolic state of the cell and (iii) basic components of the cellular cytoskeleton, such as actin and tubulin, increased expression in response to elevated temperature, but decreased expression at high pCO 2 . Exposure to elevated pCO 2 has been consistently shown to reduce skeletal growth in larval echinoderms [23, [38] [39] [40] [41] [42] , a finding that we corroborate here. Importantly, our data indicate that this effect was not exacerbated by increases in temperature. Nonetheless, ocean acidification-driven reductions in skeletogenesis are likely to have important ecological and functional implications. Ecologically, if reduced skeletogenesis translates into an overall decrease in larval size, energy transfer across trophic levels may be perturbed as smaller larvae will support fewer or smaller marine consumers [43] . In addition smaller larvae have been shown to be more vulnerable to predation, potentially influencing predatorprey dynamics in marine food webs [44] . From a functional perspective, shifts in skeletal morphology caused by acidification may influence feeding in echinoderms [45] , as food capture depends upon the surface area of the ciliary bands covering the larval arms [46] . Even very small reductions in band length can significantly reduce feeding rates [47] . For example, in the echinoid Dendraster excentricus, maximum clearance rates (volume of water cleared of food per time) increased with ciliated band length regardless of food availability, a 7 per cent reduction in band length resulted in a 16 per cent reduction in clearance rates [47] . Finally, the ability of larvae to disperse could be affected by changes in skeletal morphology owing to differences in swimming performance [48, 49] .
Previous research has attributed the inhibitory effect of pCO 2 on skeletogenesis to developmental delay [50] , metabolic depression [51, 52] and/or a decreased capacity for calcification [53] . Our data show that although highly sensitive to temperature, development was not delayed by pCO 2 and larvae from both pCO 2 treatments reached obvious developmental landmarks synchronously. This is consistent with previous studies that did not detect differences in cell cycle progression (first mitotic division, onset of DNA synthesis and mitotic spindle formation) and developmental timing (prism and early pluteus) in S. purpuratus [54] [55] [56] . Similarly, experiments in the sea urchin Heliocidaris erythrogramma and the sea star Meridiastra calcar, found that warming, not acidification, had the dominant effect on development [42, 57, 58] . Interestingly, Stumpp et al. [50] detected developmental delay in the larvae of S. purpuratus cultured under high pCO 2 conditions. However, this study used morphometric differences in larval skeletons as a measure of developmental delay rather than the staging based on developmental landmarks used here. The connection between morphometric measurements and developmental stage is tenuous, because of the extensive morphological variation that can exist in larvae within the same developmental stage owing to genetic and environmental factors [59] [60] [61] . Our data also largely refute the hypothesis that reduced skeletogenesis is a consequence of reduced metabolism. Reduction in skeletal length was similar at high pCO 2 for both 138C and 188C despite different patterns of respiration; there was a reduction in respiration rates in the 188C/high pCO 2 treatment but no comparable reduction in metabolism for the high pCO 2 treatment at 138C. Instead, our data support the hypothesis that the effects of pCO 2 on skeletal length are caused by a compromised ability to calcify. Transcriptomics showed that spicule matrix 30 alpha protein (SM30-alpha protein) was downregulated at two different loci between low and high pCO 2 treatments at both 138C and 188C. Spicule matrix proteins participate exclusively in calcification and SM30 proteins are considered the principal occluded protein of the developing urchin skeleton [37] . Downregulation of SM30-alpha in response to elevated
13°C, 400 matm 13°C, 1100 matm 18°C, 400 matm 18°C, 1100 matm rspb.royalsocietypublishing.org Proc R Soc B 280: 20130155 pCO 2 is a strong indicator that skeletogenesis is impaired in high pCO 2 sea water and provides a mechanistic explanation for reductions in larval size at elevated pCO 2 [62] . Our results indicate that simultaneous exposure to warmer and more acidic environments can trigger metabolic depression in S. purpuratus. Metabolic depression is an adaptive strategy that may allow organisms to tolerate acute short-term stress, whereby energetically expensive processes are temporarily suppressed in order to extend the duration of tolerance [4, 53] . Strongylocentrotus purpuratus larvae may use metabolic depression to ensure appropriate use of limited energy resources since early larvae are largely dependent on a fixed supply of maternally deposited yolk to fuel development. Interestingly, downregulation of histone encoding genes was the principal transcriptional response accompanying metabolic depression and provided important mechanistic insight into the physiological consequences of coincident rises in temperature and pCO 2 . Because no differences in developmental rates were found between CO 2 treatments, we hypothesize that histones may be acting as metabolic sensors [63] and involved in chromatin remodelling rather than indicating repressed cell division [64] . Histones are dynamic proteins that can undergo multiple types of post-translational modifications and play an important role in regulating chromatin function and gene expression depending on the metabolic state of the cell and cofactor concentrations [63, 65, 66] . One plausible explanation is that larvae simultaneously exposed to increased temperature and pCO 2 exhausted maternal energy supplies more rapidly than larvae in other treatments, possibly reducing key metabolites for histone-modifying enzymes and inducing chromatin remodelling [63, 67] . Chromatin remodelling complexes (remodellers) can work with other chromatin factors to control DNA packaging and unpackaging and perform diverse functions such as sliding or ejecting of the nucleosome [68] . Importantly, metabolic depression only affords temporary resistance to environmental stress [53, 69] , thus these data suggest that high CO 2 and temperature conditions may exceed the capacity for acclimatization in S. purpuratus larvae. It is interesting to note that cumulative metabolic effects of ocean warming and ocean acidification on S. purpuratus larvae were additive and not synergistic, indicating that these stressors do not exacerbate each other's metabolic effects [8] .
Our gene expression data also indicate that the cystoskeleton is sensitive to shifts in temperature and pCO 2 : genes encoding fundamental components of the cellular cytoskeleton such as actin and alpha and beta tubulins were upregulated under elevated temperature, but downregulated under elevated pCO 2 (eigengene 1; figure 3 ). In urchin larvae, the cytoskeleton regulates basic aspects of development, such as cell migration, mitosis and cytokinesis, organelle movements, ciliary and flagellar movements and cell shape changes [70] , and the protection of cytoskeletal function is likely to be important for the completion of development. Transcriptomic and proteomic analysis of mussels (Mytilus spp.) from the California Current supports this hypothesis and indicates that the protection of the cytoskeleton is not only a key response to acute heat stress but may also underlie the evolution of increased thermotolerance [71, 72] . Nonetheless, the induction of cytoskeletal proteins was lower when both temperature and pCO 2 were increased, implying that simultaneous exposure to high temperature and pCO 2 can affect the cytoskeleton differently than when either stressor is applied independently, and given the role played by the cytoskeleton in basic cellular processes, this may have unresolved consequences for cell function in future oceans.
Global change is a multi-dimensional problem that can affect organisms at many levels of biological organization and at multiple life-history stages [3, 7, 73] . Here, we present data showing that ocean warming and ocean acidification have additive effects on the performance of larval stages of a keystone species in the CCLME, an ecologically and economically important marine ecosystem already affected by global change. Most notably, simultaneous exposure to increased temperature and pCO 2 led to depressed metabolism and triggered transcriptional changes indicative of chromatin remodelling, suggesting that cumulative effects of multiple stressors may exceed tolerance thresholds for key physiological processes. Impaired larval growth, as evidenced by truncated skeletogenesis and decreased expression of a major spicule matrix protein, was driven exclusively by pCO 2 -induced acidification and will not be exacerbated by ocean warming. Finally, an ability to protect cytoskeletal functions during development may be limited by coincident increases in temperature and pCO 2 . From a broader global change biology perspective, organisms generally have three responses to environmental change: (i) migration (i.e. range shifts), (ii) using existing physiological plasticity to tolerate local conditions (i.e. acclimatization) and (iii) evolutionary adaptation. However, if future oceans do indeed exceed thresholds for optimized physiological performance as our data suggest, S. purpuratus may depend upon migration or rapid adaptation to persist in a high temperature, high pCO 2 ocean.
